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A massive earthquake struck the Niigata Chuetsu-Oki region of Japan on July 16th, 2007, claiming 11 lives and damaging about 6000 houses.
The earthquake had a magnitude of 6.8, with data from an accelerograph managed by a nationwide strong-motion observation network known as
Kyoshin Net (K-net) showing a maximum value of 668 gal (NS). In the Matsunami district of Kashiwazaki city (located on land ﬁlled and
developed as a residential area from around 1970 onward) about 3 km northeast of Kashiwazaki Railway Station, many houses were damaged
due to liquefaction. A ﬁeld investigation, including a boring survey, surface wave exploration and measurement of differential settlement of
houses knocked aslant by soil liquefaction, was conducted to determine the relationship between the extent of damage to houses and the area's
geological structure. It was found that most houses severely damaged due to liquefaction were located around the boundary between sand dunes
and the local river delta. Additionally, the relationships linking sloping geological structure, the thickness of the liquefaction layer and total/
differential settlement of houses were clariﬁed from the results of shaking table model tests conducted in this study. Test results showed that it is
important to consider multidimensional inﬂuences caused by sloping geological structure in the estimation method of liquefaction potential in
order to predict and assess degree of damage to houses due to liquefaction.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The Niigata-ken Chuetsu-Oki Earthquake that hit Japan on
July 16th, 2007, killed 11 people and damaged more than 6000
houses. The quake registered 6.8 on the magnitude scale of the
Japan Meteorological Agency (2007) (JMA), and the K-net
Kashiwazaki (NIG018) measured PGA (peak ground10.1016/j.sandf.2014.06.022
4 The Japanese Geotechnical Society. Production and hosting by
g author.
sses: kisobe@vos.nagaokaut.ac.jp (K. Isobe),
aokaut.ac.jp (S. Ohtsuka).
der responsibility of The Japanese Geotechnical Society.acceleration) of 668 gal (NS) (National Research Institute for
Earth Science and Disaster Prevention, 2007). Many houses
were damaged, and ground deformation types such as lique-
faction were observed in Kashiwazaki City and Kariwa Village
(Fig. 1). In the Hashiba district of Kashiwazaki City and in
Kariwa Village, foundation damage to timber houses and
ground deformation were extensively observed. In these areas,
liquefaction-related damage to houses and ground failure
similar to those seen in the Mid Niigata Prefecture Earthquake
of 2004 (Japanese Geotechnical Society, 2007) also occurred
(Japanese Geotechnical Society, 2009a; Onoue et al., 2011).Elsevier B.V. All rights reserved.
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Fig. 1. Liquefaction site in Kashiwazaki and Kariwa in the Niigata-ken
Chuetsu-Oki Earthquake of 2007 (map by Google map).
K. Isobe et al. / Soils and Foundations 54 (2014) 675–686676This was the second experience of severe earthquake damage
in the region within a span of three years.
This paper reports on the results of earthquake damage
investigation work conducted in the Matsunami district in the
region. Liquefaction evidence such as sand boiling was
observed and a lot of houses were damaged and destroyed
due to liquefaction-induced differential settlement there.
Health disorders, such as dizziness, due to liquefaction-
induced differential settlement in the 2000 Tottoriken-seibu
earthquake were reported by Yasuda et al. (2004) for the ﬁrst
time, in which it has been pointed out that liquefaction-induced
differential settlements pose signiﬁcant monetary problems for
inhabitants: restoring tilted houses so that they become
horizontal is extremely costly. Also, this same issue occurred
in the following many severe earthquakes, such as the 1964
Niigata earthquake, the 1990 Philippine Luzon earthquake
(Adachi et al., 1992), the 1999 Kocaeli Turkey earthquake
(Bray and Sancio, 2009), Mid Niigata Prefecture Earthquake in
2004 (Japanese Geotechnical Society, 2007), the Niigata-ken
Chuetsu-Oki Earthquake in 2007 (Japanese Geotechnical
Society, 2009a) and the 2011 Great East Japan Earth-
quake (Yasuda et al., 2012; Tokimatsu et al., 2012; Mori
et al., 2012). However, as pointed out by Bertalot et al. (2013),
ﬁeld data on the liquefaction-induced (differential) settlement
of shallow foundations are still scarce because of the objective
difﬁculty in estimating the extent of liqueﬁed soil at
damaged sites.
Liqueﬁability and extent of liquefaction are commonly
estimated with the semi-empirical method proposed by Youd
and Idriss (2001), and Idriss and Boulanger (2008). Estimation
of the liquefaction-induced settlement of shallow foundations
is done by the empirical design chart developed by Liu and
Dobry (1997), based primarily on ﬁeld data of building
settlement observed by Yoshimi and Tokimatsu (1977) follow-
ing the 1964 Niigata earthquake. Adachi et al. (1992) veriﬁed
the validity of the proposed chart for the liquefaction-induced
building settlements measured in the city of Dagupan after the
1990 Luzon earthquake. Acacio et al. (2001) also provide
similar data about the Dagupan City case. Other than thoseabove, there has been a large body of literature on liquefaction-
induced settlement in soil deposits involving both case
histories and physical model studies e.g. by Tokimatsu and
Seed (1987), Nagase and Ishihara (1988), Ishihara and
Yoshimine (1992), Sancio et al. (2004) and so on.
On the other hand, in Japan, the factor of safety against
liquefaction FL value based on the standard penetration test
(SPT) blow-count (the Japan Road Association, 2002) and the
probability of liquefaction PL values, determined using the
method set out by the Japan Road Association (2002), are
widely used in order to assess the needs for liquefaction
countermeasure. However, the above-mentioned estimation
method on the liquefaction-induced settlement of shallow
foundations is not implemented in the references (the Japan
Road Association, 2002, Architectural Institute of Japan, 2001,
2008), let alone the liquefaction-induced differential settlement
of shallow foundations. The liquefaction-induced inclination of
houses may be greatly affected by several factors, such as soil
condition, seismic condition, sand boiling, the dimension of
houses, eccentric weights, and the distance between adjacent
houses. It is still a very important issue to understand these
mechanisms and estimate the liquefaction-induced differential
settlement of shallow foundations.
In this paper, the relationship between ground conditions
and the causes for damage houses at Matsunami district were
investigated based on the outcomes of surface wave explora-
tion, Swedish weight sounding (SWS) tests, boring investiga-
tion involving standard penetration tests (SPT) and
measurement of liquefaction-induced differential settlement
in damaged houses. Based on the above mentioned investiga-
tion results, the shaking table model tests were conducted in
order to investigate the relationships linking sloping geological
structure, the thickness of the liquefaction layer and total/
differential settlement of houses. Test results showed that it is
important to consider multidimensional inﬂuences caused by
sloping geological structures in the estimation method of
liquefaction potential in order to predict and assess degree of
damage to houses due to liquefaction.2. Field investigation
2.1. Overview of geographical conditions in Kashiwazaki city
The Matsunami district sits on land ﬁlled for the develop-
ment of a residential area from around 40 years ago. It is
located about 3 km northeast of Kashiwazaki Railway Station
on the right bank of the Sabaishi River near its mouth and on
the hinterland of the Arahama dunes. According to the terrain
classiﬁcation map for the district (Fig. 2), the northwestern part
of Matsunami is classiﬁed as sand dunes, and the southeastern
part is a natural levee area.
2.2. Overview of damage caused by the earthquake
Fig. 3 shows the distribution of damaged houses in
Matsunami based on the emergency risk judgment table for
Table 1
Maximum differential settlement and maximum tilted angle measured in
Matsunami.
Zone Symbol Maximum
differential
settlement
[mm]
Maximum
tilted angle
Zone Symbol Maximum
differential
settlement
[mm]
Maximum
tilted
angle
A A 678 20/1000 C O 79 7/1000
B 403 23/1000 P 33 3/1000
C 222 22/1000 AA 106 16/1000
W 104 14/1000 BB 91 9/1000
U 220 54/1000 S 141 15/1000
V 215 25/1000 I 117 9/1000
E 8 1/1000 H 50 5/1000
F 87 6/1000 T 49 8/1000
G 42 4/1000 CC 168 39/1000
B R 84 6/1000 D DD 68 11/1000
X 68 12/1000 EE 67 8/1000
Y 283 25/1000 FF 127 17/1000
Z 91 10/1000 GG 34 12/1000
M 127 6/1000 J 127 17/1000
N 158 24/1000 K 98 7/1000
Q 136 12/1000 L 58 5/1000
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Fig. 3. Distribution of damaged houses and ground investigation sites in
Matsunami.
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Fig. 4. Differential settlement and tilted angle of houses observed in
Matsunami.
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Fig. 2. Terrain classiﬁcation map around Matsunami.
K. Isobe et al. / Soils and Foundations 54 (2014) 675–686 677residential structures. Here, yellow areas show a warning level
(corresponding to light damage), red areas show a hazardous
level (corresponding to severe damage), and the arrows on the
houses indicate the direction of inclination resulting from the
damage. The stratum boundary in the ﬁgure is the border between
the sand dune and delta (natural levee) areas based on Fig. 2.
Table 1 shows the maximum differential settlement
and maximum tilt angle of damaged houses deﬁned as
the ratio of the foundation height at their corners to the
distance between the measurement points. Fig. 4 shows the
results of analysis on differential settlement and tilt angle
by zone.
Damaged houses with red marks are distributed in zones
A and B along the stratum boundary, while the yellow-marked
houses are distributed extensively. The maximum tilt
angle observed in most houses was beyond the acceptable
limit (4/1000) speciﬁed in Recommendations for the Design
of Small Building Foundations (2008). The most severely
damaged structures stood on the stratum boundary located inthe northern part of Matsunami, where ground cracks
were observed (Fig. 5(a) and (b)). The maximum differential
settlement in the area was more than 200 mm (in the
location of the shaded houses in Table 1). Signs of liquefaction
such as sand boiling were observed in central and eastern
areas of the district such as zones C and D (Fig. 5(c)).
However, differential settlement of damaged houses
in these areas was less prominent than that of structures
in the northern area. The reasons for this are highlighted
by the results of the ground investigation as outlined
below.
Fig. 5. Earthquake damage in Matsunami: (a) the severest damaged house, (b) damaged houses due to ground crack and (c) signs of liquefaction (sand boiling).
Fig. 6. Ground investigation results (Surface wave search, SWS, boring investigation) along M-1 line as shown in Fig. 3.
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Fig. 7. Simple liquefaction judgments using surface wave results along M-1 line as shown in Fig. 3.
K. Isobe et al. / Soils and Foundations 54 (2014) 675–6866782.3. Results of surface wave exploration
To investigate ground conditions, surface wave exploration
was conducted on the lines shown in Fig. 3, where M-1 and
M-2 indicate the north-south line and the east-west line,
respectively. SWS and boring surveys were also executed
at the position of the circle in the ﬁgure. The results of these
tests are shown in Fig. 6. The groundwater level in the
area was estimated to be about 2–3 m below the ground
surface. A slightly loose sand layer with a shear wave velocityof 120–150 m/s was located below the surface to a depth
of 5 m, and a dense sand layer with a shear wave velocity of
150–200 m/s was present beneath this. The S-velocity dis-
tribution corresponded to the speciﬁcations of the 1981
geographic map. The worst-hit damage zone was on the
stratum boundary between the sand dune and delta areas,
and the dense sand layer inclined signiﬁcantly toward the delta
area in the zone.
Fig. 7 shows the distribution along the M-1 line of factor of
safety against liquefaction FL, determined from the shear wave
K. Isobe et al. / Soils and Foundations 54 (2014) 675–686 679velocities using the method of Andrus et al. (1999) and maximum
of the NS components of the strong ground motions observed at
K-NET Kashiwazaki station (NIG018) with the value of 668 gal,
and also the comparable liquefaction potential PL values, deter-
mined using the method set out by the Japan Road Association
(2002). These results indicate that the FL value in the delta area
with its loose sand layer was less than 1.0, while the corresponding
value in the sand dune area with its dense sand layer was over 1.0.
However, the severest differential settlement of houses around the
stratum boundary was seen in the Matsunami district where the FL
and PL values are less than those in the delta area. Therefore, it
implied that actual damage to houses and buildings due to soil
liquefaction cannot be evaluated by the FL and the PL as Yasuda
and Shitaeda (2009) have already pointed out. In this case, sloping
geological structure around the stratum boundary is considered to
be why the severest differential settlement of houses around the
stratum boundary was seen in the Matsunami district.
The following conclusions were drawn from the investiga-
tion in the Matsunami district:(1) The most severe damage to houses was seen on and around
the stratum boundary between the sand dune area and the
delta of the Sabaishi River.(2) Although signs of liquefaction, such as sand boiling, were
observed in the delta area, the maximum differential
settlement and inclination angles of the houses were
smaller than those around the boundary.(3) This was because the sand dune layer inclined toward the
delta, and ground cracks occurred due to lateral ﬂowing of
the surface ground.75
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Fig. 8. Sectional side view of model tests for Case-2 (position [2]) plus tIn order to verify these conclusions, a series of shaking table
tests were carried out on structures overlying different thick-
nesses of liqueﬁable layer, as detailed below.
3. Shaking table model tests
3.1. Overview of the model tests
Based on the above observations in the ﬁeld, shaking table
model tests under 1G gravity conditions were conducted to
investigate the relationships linking sloping geological struc-
ture, the thickness of the liquefaction layer and total/differ-
ential settlement of houses. 1-G shake table testing can be
insightful to learn about mechanisms and patterns of soil
behavior, and its inﬂuence on structures although it has some
limitations, such as low conﬁning pressures in the soil which
are not representative of the ﬁeld, and the difﬁculty of
satisfying the similarity rule.
Fig. 8 shows a sectional side view of the model tests. The
soil chamber, which measured 300 mm in length, 1100 mm in
width and 400 mm in depth, had water tanks on its left and
right sides to supply the model ground with water. Cushioning
material made from foam rubber was attached to the sidewall
surface in order to reduce the inﬂuence of reﬂected wave
during shaking. The speciﬁcations of the model ground were
based on the results of surface wave exploration conducted at
the M-1 line in consideration of the similarity ratio. The
thicknesses of the liqueﬁable and non-liqueﬁable layers were
200 mm and 100 mm, respectively, and the angle of the slope
was 1:1.5, as shown in Fig. 8. The liqueﬁable layer was75 75
G.L.-25mm
20
0
50
50
30
0
442.5
P-1
P-2
P-3
157.5
Target
ied layer Dr = 40%
1.5
l
Unit : mm
[5]
amber [1] ~ [5] indicates the position of
the center of the model foundation
he position of the center of the model foundation of each case.
Table 2
Shaking table model test cases.
Case Name Relative density
Dr [%]
Distance from the left
edge of the soil
chamber [mm]
Thickness of
liqueﬁed layer
[mm]
Left
side
Right
side
Case-1
(position [1])
31.1 217.5 50 50
Case-2
(position [2])
37.7 292.5 50 100
Case-3
(position [3])
41.2 405.0 75 175
Case-4
(position [4])
37.2 517.5 150 200
Case-5
(position [5])
42.0 592.5 200 200
K. Isobe et al. / Soils and Foundations 54 (2014) 675–686680modeled by pluviating air-dried particles through water using
Kariwa sand with a relative density of 40%, and the non-
liqueﬁable layer was modeled via the tamping method using
Tohoku silica sand #6 with a relative density of 100%. Their
properties and mechanical characteristics are detailed below.
The ground water level in all test cases was set up to
approximately 25 mm from the ground surface.
The positions of the foundation model were varied from [1]
to [5] as shown in Fig. 8 to survey the inﬂuence of liqueﬁable
layer thickness imbalance under the foundation. Table 2 shows
the test cases, the relative density and the thickness of the
liqueﬁable layers unbalanced under the model foundation of
each case before shaking. Also, Fig. 8 shows the location of
the measurement sites for variables such as acceleration,
displacement and pore water pressure for Case-2 (position
[2]). The instruments PWP-1, PWP-2, A-2 and A-3 are located
beneath the edge of the footing, wherever the footing is. As
input, 40 cycles of an 8 Hz sinusoidal wave with a slope were
used. The target acceleration was 250 gal. Considering the
similarity ratio, the weights of the 150 mm 150 mm square
foundation model and the ground contact pressure were set to
7.8 103 kN and 0.34 kPa, respectively. The data sampling
frequency was 1000 Hz. The characteristics of the liquefaction-
induced differential settlement would correlate with broadband
motions and the changes in soil response under realistic
earthquake loading. However, single-frequency sinusoidal
motion was used as the input wave in these present tests
because of performance limitations involved in using the
shaking table. Even if single-frequency sinusoidal motion is
used, it makes sense to examine the qualitative nature linking
sloping geological structure, the thickness of the liqueﬁable
layer and total/differential settlement of houses.
3.2. Physical properties and mechanical characteristics of soil
used in the model tests(1) Material and testing procedure
Kariwa sand samples from Kariwa Village near Kashi-
wazaki City were used to represent liqueﬁable groundmaterial in the model tests. Tohoku silica sand #6 was also
used as non-liqueﬁable ground material. The Kariwa sand
was washed and passed through a 2 mm sieve, producing a
mass of particles with diameters in the range from 2 mm to
75 μm. The physical properties of both sand types are
shown in Tables 3 through 5. The maximum and minimum
void ratios of both types were measured using the Japanese
standard method termed “Test method for minimum and
maximum densities of sands (JIS A 1224:2009, JGS 0161-
2009)” (Japanese Geotechnical Society, 2009b). Fig. 9
shows the particle size distribution curve for sand samples
from Kariwa and Matsunami. As their physical character-
istics are similar, Kariwa sand was used to represent
liqueﬁable ground material in the tests.
Static and cyclic Consolidated Undrained (CU) tri-axial
tests were carried out to clarify the mechanical character-
istics and liquefaction strength of Kariwa sand. Two
specimens were created for the tests as follows: (1) an
undisturbed specimen sampled from the Inaba district of
Kariwa Village using the freezing sampling method, and
(2) a reconstituted specimen molded with an initial relative
density identical to that of the undisturbed sample
(Dr¼40%) made from a sample used in the above tests
by pluviating air-dried particles through air. Pluviation
apparatus was set up so that while the particles fell into the
mold, the sand container was moved upward to maintain a
constant drop height between the container and the mold.
The specimens were molded into dimensions of 5 cm in
diameter 10 cm in height. Tables 6 and 7 show the static
and cyclic CU tri-axial test cases, respectively.
The test apparatus consisted of a triaxial cell, cell-
pressure and back-pressure control devices, an axial load
control device and a data acquisition/recording system to
collect data on the axial load, axial displacement and pore
water pressure of the specimens and on volume reduction
during consolidation (i.e., water drainage from the speci-
mens). After a self-sustaining sample had been obtained by
applying a 20 kPa vacuum to the sample interior, a
cylindrical chamber and cell cover were set up, and the
cell was ﬁlled with water. To achieve a high degree of
saturation, vacuum conditions were applied to both the cell
and the sample interior in such a way that the conﬁning
stress was constant (20 kPa) during the process. After the
ﬁnal stage of this process was reached (80 kPa for cell
pressure and 100 kPa for the interior sample), deaerated
water was circulated into the specimen for about 2 hours,
and the pressure of the sample interior and the cell were
returned to 20 kPa and 0 kPa, respectively. The back
pressure was then increased gradually to 100 kPa, and
pressure of 150 kPa was simultaneously applied to the cell
so that the conﬁning stress was held constant at 50 kPa. To
ensure specimen saturation, the degree of saturation was
evaluated at this stage based on the B-value, deﬁned as the
ratio of the pore water pressure increment to the isotropic
stress increment under undrained conditions. Using this
procedure, the test was continued until the B-value of the
specimen was equal to or greater than 0.95. The specimen
Table 3
Soil physical property of Kariwa sand.
Maximum dry density ρdmax [g/cm
3] 1.712 Maximum grain size 0.85
Minimum dry density ρdmin [g/cm
3] 1.424 D60 0.35
Soil particle density ρs [g/cm
3] 2.742 Mean grain size D50 0.34
Maximum void ratio emax 0.926 D30 0.30
Minimum void ratio emin 0.602 D10 0.15
Coefﬁcient of permeability [cm/s] 2.80 102 Uniformity coefﬁcient Uc 2.33
Coefﬁcient of curvature Uc0 1.71
Table 4
Soil physical property of Tohoku silica sand #6.
Maximum dry density ρdmax [g/cm
3] 1.695 Maximum grain size 0.85
Minimum dry density ρdmin [g/cm
3] 1.401 D60 0.35
Soil particle density ρs [g/cm
3] 2.630 Mean grain size D50 0.34
Maximum void ratio emax 0.878 D30 0.30
Minimum void ratio emin 0.551 D10 0.23
Coefﬁcient of permeability [cm/s] – Uniformity coefﬁcient Uc 1.52
Coefﬁcient of curvature Uc0 1.12
Table 5
Soil physical property in Matsunami.
Stratum type Sandy soil As1 New dune Asd Old dune Dsd
Particle size distribution [%]
Gravel [%] 0–17 0–1 0
Sand [%] 71–93 85–99 89–96
Fines [%] 5–29 1–9 4–11
Uniformity coefﬁcient Uc 2.56–4.35 1.86–3.69 2.06–2.46
Mean grain size D50 0.26–0.59 0.29–0.49 0.27–0.33
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Fig. 9. Particle size distribution curve of soil sampled in Kariwa and
Matsunami.
Table 6
Static tri-axial compression test cases.
Name of
sample
Void
ratio e
Effective conﬁning
pressure [kPa]
Back
pressure
[kPa]
Loading speed
[%/min]
Undisturbed
sample
0.876–
0.889
50, 75, 100 100 0.05
Reconstitution
sample
0.796 100, 200, 300 100 0.05
Table 7
Cyclic tri-axial compression test cases.
Name of
sample
Void
ratio e
Effective conﬁning
pressure [kPa]
Back
pressure
[kPa]
Frequency
[Hz]
σd/
2σ00
Undisturbed
sample
0.770–
0.813
100 100 0.1 0.124
0.179
0.219
0.275
Reconstitution
sample
0.796 100 100 0.1 0.141
0.175
0.205
0.241
0.324
K. Isobe et al. / Soils and Foundations 54 (2014) 675–686 681was consolidated isotropically for 6 h under a conﬁning
pressure of 50–300 kPa. In order to examine static shear
strength and liquefaction strength, static and cyclic tests
were performed by applying deviator stress at a loading
rate of 0.05 mm/min and uniform sinusoidal cycles of
deviator stress at a frequency of 0.01 Hz with a varying
cyclic stress ratio under constant cell pressure. Axial loads
were measured using a load cell with a capacity of 5 kNinstalled between the top cap of the pedestal and the piston
in the cell, and axial strain was monitored using a
displacement transducer outside the cell. The electrical
outputs collected from the load cell, the displacement
transducer, the pore water pressure transducer and the gap
sensor for the measurement of specimen volume reduction
during consolidation were ampliﬁed and recorded simulta-
neously using a computer.(2) Element test results
Fig. 10(a) and (b) shows the effective stress paths of the
static CU tri-axial tests for both samples. It can be seen that
the angles of shear resistance ϕ0 for the undisturbed and
reconstituted samples were 35.91 and 34.61, respectively.
These ﬁgures indicate typical undrained monotonic beha-
vior of regular loose sand; that is, pore water pressure rises
with increasing strain before deviator stress approaches the
failure line, and volume expansion is seen after its
approach.
Fig. 10. Effective stress paths of (a) undisturbed and (b) reconstitution sample under static monotonic loading.
Fig. 11. Effective stress paths of (a) undisturbed and (b) reconstitution sample under cyclic loading.
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Fig. 12. Liquefaction strength curves of (a) undisturbed and (b) reconstitution sample of Kariwa sand.
K. Isobe et al. / Soils and Foundations 54 (2014) 675–686682Fig. 11(a) and (b) shows the effective stress paths of the
cyclic CU tri-axial tests for both samples, and illustrate
typical undrained cyclic behavior of regular sand; that is,pore water pressure gradually rises with cyclic loading, and
shear strain increases dramatically when cyclic loading is
generated near the failure line. Cyclic mobility occurs as
Fig.
K. Isobe et al. / Soils and Foundations 54 (2014) 675–686 683the stress path cycles through a zero-effective conﬁning
pressure. As shown in these ﬁgures, both curves reach a
steady state with generation of cyclic mobility as
expected for typical sand (Yoshimi et al., 1984, Hyodo
et al., 1994). Fig. 12(a) and (b) shows the relationships
between the cyclic stress ratio σd/2σ00 and the number of
cycles Nc causing liquefaction. From the results, the
liquefaction strengths for the undisturbed sample and the
reconstituted sample are deﬁned as 0.191 and 0.166,
respectively. It was thus understood that Kariwa sand is
easily liqueﬁed.3.3. Results and discussion
Figs. 13 thorough 15 show time histories of the total
settlement and differential settlement, the excess pore
water pressure ratio and the acceleration response for
Case-2, in which the liqueﬁable layer under the model was
unbalanced at both edges to represent the conditions of the
houses in Zone A of Fig. 3, and Case-5, in which the
liqueﬁable layer under the model was balanced at both edges
to represent the conditions of the houses in Zone D of Fig. 3,
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13. Time history of settlement of foundation model for Case-2 and Case-5 in
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Fig. 14. Time history of excess pore water pressure ratio for Case-2 and CasAs is clear from Figs. 13 and 14, settlement of the model
foundation occurred with an excess pore water pressure ratio
(deﬁned as the ratio of excess pore water pressure to initial
effective stress) of P-1 and P-2 reaching approximately 1.0 in
both cases. Also, a signiﬁcant difference in this ratio between
PWP-1 and PWP-2 can be seen at the time of settlement in
Case-2. In contrast, a difference in the excess pore water
pressure ratio beneath the house model of Case-5 has hardly
been observed. This result implied that differential settlement
during shaking arises due to differences in excess pore water
pressure between PWP-1 and PWP-2 located beneath the edge
of the footing. In addition, it may be the reason that the thinner
liqueﬁable layer (at the left edge of Case-2) underwent less
settlement than the thicker layer (at the right edge of Case-2).
The difference of duration time of liquefaction seen in the
results of PWPs for Case-2 and Case-5 appears to be caused by
a longer duration of ﬂow to shallower depths that dissipates
large excess pore pressures generated in the deeper depths. It is
thus found that the thicker the liqueﬁable layer is, the bigger
the ground settlement is and the longer the duration of
liquefaction is. Comparing with the results of P-1 and P-2,
which were attached on the soil chamber wall far from the
foundation model, it was observed that the time lag until the
excess pore water pressure ratio of PWPs, which were located0
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which the model foundation is located on the position [2] and [5] respectively.
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 5 10 15
PWP-1
PWP-2
Ex
ce
ss
 p
or
e
w
at
er
 p
re
ss
ur
e 
ra
tio
Time of settlement
Elapsed time [sec]
[5]
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 5 10 15
P-1
P-2
Time of settlement
Ex
ce
ss
 p
or
e
w
at
er
 p
re
ss
ur
e 
ra
tio
Elapsed time [sec]
[5]
e-5 in which the model foundation is located on the position [2] and [5].
Table 8
Settlement and differential settlement of each case.
Test code Relative
density
Dr [%]
Maximum
acceleration of
input wave [gal]
Ground
water
level
[mm]
Settlement
[mm]
Differential
settlement
[mm]
Left
side
Right
side
Case-1
(position
[1])
31.1 226.2 30.2 12.3 13.6 1.35
Case-2
(position
[2])
37.7 259.9 32.0 18.0 24.5 6.54
Case-3
(position
[3])
41.2 253.0 29.0 27.3 24.5 2.80
Case-4
(position
[4])
37.2 261.9 29.0 25.6 24.1 1.55
Case-5
(position
[5])
42.0 256.9 32.2 23.3 23.9 0.58
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Fig. 15. Time history of acceleration response for Case-2 and Case-5 in which the model foundation is located on the position [2] and [5] respectively.
K. Isobe et al. / Soils and Foundations 54 (2014) 675–686684beneath the model of the foundation, reaches 1.0. This may
explain how the self-weight of the model constricts soil
liquefaction, as was pointed out in the reference by Bertalot
et al. (2013) and Dashti et al. (2010).
As is clear from Figs. 14 and 15, the acceleration response
of A-2 and A-3 for Case-5, which are located beneath the
house foundation model, resulted in decaying after the time of
settlement, namely, the subsoil was liqueﬁed. Also, the
acceleration response of A-3 for Case-2 decayed, however,
those of A-2 for Case-2 were transmitted or slightly ampliﬁed
after the time of settlement. This appears to depend on
the difference between the pore water pressure ratios at
both edges.
Table 8 and Figs. 16 through 18 show the results of all cases
for total/differential settlement, acceleration response and the
excess pore water pressure ratio. These outcomes show that the
differential settlement observed around the location where
the thickness of the liquefaction layer varied drastically was
the greatest among all the cases. Conversely, differential
settlement at the location where the thickness of the liquefac-
tion layer was uniform was smaller than in the other cases,
although the total settlement was greater. The mechanism
behind this phenomenon can be explained by the difference in
the acceleration response and the difference in pore water
pressure between the right and left edges of the foundation.
This means that the acceleration response tended to becomeampliﬁed by reﬂection from the sloping non-liqueﬁable layer,
as has been pointed out repeatedly in the literatures (Ohtsuki
et al., 1984; Takemiya and Ishiyama, 1993; Imamura et al.,
2001; Furumoto et al., 2003 etc.), and that a difference in pore
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Fig. 16. Comparison of (a) total settlement and (b) differential settlements for
all cases.
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Fig. 17. Comparison of (a) acceleration response and (b) acceleration response
magniﬁcation for all cases.
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Fig. 18. Comparison of excess pore water pressure ratio for all cases.
K. Isobe et al. / Soils and Foundations 54 (2014) 675–686 685water pressure between the right and left edges of the
foundation arose due to the constraint conditions seen near
the non-liqueﬁable layer.
As Yasuda and Shitaeda (2009) have already pointed out,
actual damage to houses and buildings cannot be evaluated by the
PL because it is used to estimate the probability of liquefaction
triggering and classify severity of liquefaction. The same
tendency was observed in the case history of Matsunami district
in the Niigata-ken Chuetsu-Oki Earthquake of 2007. Many
houses were damaged by liquefaction-induced differential settle-
ment. Liquefaction-induced differential settlement is affected by
the following factors; soil condition, seismic condition, dimension
of houses, eccentric weights, distance of adjacent houses and soon. The PL considers no inﬂuence of these factors. In addition,
multidimensional inﬂuences such as reﬂection from the sloping
layer are not considered in the PL because it is calculated based
on one-dimensional integration. Based on the above-mentioned
results, multidimensional inﬂuences such as inhomogeneously
layered soils should be evaluated along with estimation of
liquefaction potential in order to predict and assess how much
damage to houses due to liquefaction.
4. Conclusions
The ﬁeld investigations were conducted to specify damage
to houses due to liquefaction-induced differential settlement
and clarify the mechanism behind the phenomena and the
factors. Subsequently, in order to evaluate the relationships
linking sloping geological structure, the thickness of the
liquefaction layer and total/differential settlement of houses,
shaking table model tests were performed. The following
observations were made:(1) The differential settlement observed around the location where
the thickness of the liquefaction layer varied drastically was the
greatest among all the cases. Conversely, differential settlement
in the location where the thickness of the liquefaction layer
was uniform was smaller than in the other cases even when the
total settlement was bigger. The differential settlement during
shaking occurs due to differences in excess pore water pressure
at both edges of foundation. In addition, it may be more likely
explanation that the differential settlement after shaking (at the
end) is caused by the difference of thickness of liqueﬁable
layer at the left and right edges.(2) Comparing with the results of the excess pore water pressure
ratio in the area far from the foundation model, a time lag
was observed until the excess pore water pressure ratio
beneath the model foundation reaches 1.0. This may explain
how the self-weight of the model constricts soil liquefaction.(3) The thicker liqueﬁable layer, the longer the duration of
liquefaction. This is because the dissipation of large excess
pore pressures generated in the deeper depths leads to a
longer duration of ﬂow to shallower depths.(4) Comparing with the results of the acceleration response of both
Case-1 and Case-2, the acceleration response of Case-2 tended
to become ampliﬁed by reﬂection from the sloping non-
liqueﬁable layer. In contrast, the response acceleration obser-
ved on the ground surface in cases with a thick liquefaction
layer tended to decay over time due to liquefaction.
K. Isobe et al. / Soils and Foundations 54 (2014) 675–686686(5) The model tests supported the hypothesis that the damage
observed in the case study was strongly inﬂuenced by the
sloping geology, and that the degree of damage to houses
caused by differential settlement due to liquefaction was not
necessarily coincident with the degree of liquefaction. There-
fore, actual damage to houses and buildings cannot be
evaluated by the PL and FL value because these values are
calculated based on one-dimensional estimation for liquefac-
tion. Hence, multidimensional inﬂuences such as reﬂection
from the sloping layer should be included in the estimation
method of liquefaction potential in order to predict and assess
how much damage to houses due to liquefaction.Acknowledgment
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